Introduction {#S0001}
============

Genome-wide association studies (GWAS) investigate statistical links between genetic markers and phenotypic traits, revealing which regions of the genome are likely involved in disease pathways and other clinically relevant biological mechanisms. Results from these studies point to significant associations between single-nucleotide polymorphisms (SNPs) representing a region of the genome, and phenotypic measurements or classifications. Because of its widespread utility and effectiveness at identifying common genetic variants that are associated with disease risk, GWAS results shape the primary basis of scientific knowledge about genetic contributions to etiological pathways of health and disease.[@CIT0001] Related to the growing field of pharmacogenomics, which investigates the genetic basis of variation in response to pharmacologic exposures, GWAS results have revealed genomic regions that are involved in variable drug response, including metabolism, toxicity, and efficacy.[@CIT0002] These pharmacogenetic findings inform clinical decision-making about pharmaceutical selection and drug dosages on the basis of genetic information about a patient, thus establishing the foundation for precision, or personalized, medicine.[@CIT0003]

Precision medicine is the translation of basic research on human variation at the individual and population level to increase the accuracy and precision of disease prevention, diagnosis, and treatment. However, the majority of GWAS (\~80%) have been conducted in populations of European descent, meaning the genomic evidence-base for personalized medicine may be more informative for individuals sharing common ancestry with European populations.[@CIT0004],[@CIT0005] Therefore, the promise of precision medicine will only be realized when the genomic evidence-base is more representative of diverse ancestral groups. This article describes reasons diversity in genomics research is important, from both a scientific perspective and in terms of the ethical, legal, social implications (ELSI) that accompany the under-representation of marginalized groups. A scoping review of diversity in the research landscape of pharmacogenomics is presented in order to elucidate which ancestral groups have been most frequently studied and thus are most likely to benefit from personalized medicine. First, an overview of diversity measures is provided to contextualize the analysis, including a discussion of a biogeographic grouping system developed by Huddart and colleagues on the basis of continental (global) genetic ancestry.[@CIT0006] This framework for characterizing ancestral diversity was developed in order to classify study populations in pharmacogenetics research, and is used here to synthesize and describe populations in a scoping review of literature in the field. Following the results of this scoping review is a discussion of persistent challenges to broadening participation in genomics, as well as potential solutions for increasing the representation of diverse populations.

Defining Diversity In Human Populations {#S0002}
=======================================

Before diversity (or a lack thereof) in GWAS and pharmacogenomics can be fully understood, it is necessary to formulate a clear concept of what "diversity" actually means in human populations. Modern humans have a single shared evolutionary origin, with estimates indicating that the most recent common ancestor (MRCA) of all humans lived in southern Africa around 200K years ago.[@CIT0007],[@CIT0008] Subsequent to the existence of modern humans' MRCA, groups of its descendants migrated off the African continent to populate vast regions of the world. Each serially migrating population brought with them subsets of the genomic variation from the original, or founder population, such that increasing geographic distance is correlated with increasing genetic distance.[@CIT0009],[@CIT0010] But how is a human population defined? Given that all humans have a shared ancestral origin past a certain point in time, it is important to contextualize any further consideration of the ancestral origins of human populations as relative to demographic history, time, and place, while acknowledging that all humans are much more genetically similar than we are different. There is no objective or universal definition of a human "population" -- whenever this term is used, it is always relative to some delineation on the basis of location, geo-political structure, socio-cultural factors, or a point in time. Nevertheless, both genetic and environmental differences do exist within and between groups of people across the world, and these differences must be accounted for in genomics research to avoid confounding by shared genetic and environmental factors that are both associated with a trait of interest. As such, genomic and environmental diversity are discussed in the sub-sections below, highlighting the importance of each in maximizing the power of discovery in GWAS.

Genomic Diversity {#S0002-S2001}
-----------------

While the majority of the \~3 billion sites in the human genome are invariant, roughly 0.01% of the genome is polymorphic, meaning there is variation within and between populations at these sites. On average, people of African descent have the highest number of variable, or polymorphic, sites per genome compared to those of predominantly European or Asian descent,[@CIT0011] and because it is the birthplace of modern humans, the African continent is home to the majority of human genomic diversity.[@CIT0012] From a mathematical perspective, genomic diversity may be considered in terms of genetic distance, which can be calculated using various methodologies based on different evolutionary models. The most notable examples of these measures are Nei's standard genetic distance,[@CIT0013] Cavalli-Sforza and Edwards' chord distance,[@CIT0014] and Reynolds, Weir, and Cockerham's measure of genetic divergence.[@CIT0015] Each of these measures is based on underlying assumptions about the cause(s) of genetic differences, including mutation, genetic drift, or a combination of the two. While there are still other examples,[@CIT0016] perhaps the most widely used measure of genetic distance is the fixation index, F~ST~, derived from Wright's F-statistics,[@CIT0017] which estimates the amount of variance in allele frequencies that is due to structure between populations, relative to the degree of genetic similarity within populations.[@CIT0018] That is, estimates of F~ST~ compare average genetic distances within and between populations, and this can be interpreted as the average amount of overall genetic diversity of individuals within a population, compared to genetic diversity between individuals from different populations. In the case of pharmacogenomic diversity across human populations, F-statistics have been used to demonstrate a high relative amount of variability in the genes encoding a superfamily of cytochrome P450 (CYP450) metabolizing enzymes, indicating functional differences in disease risk and drug response across populations.[@CIT0019]

While the approaches described provide a useful quantitative framework for estimating genomic diversity, the models on which they are based have inherent biases and limitations. For one, the landscape of human genomic variation is impacted not only by mutation and drift, but also by genetic recombination and evolutionary forces such as migration (gene flow), bottlenecks, founder effects, and natural selection, which are not typically considered in classical models of genetic distance. As a result of these and other factors, the lines between "populations" are blurry, so the use of mathematical models that assume a priori classification of individuals into definitive populations are thus inherently limited and may even reinforce misleading notions about the existence of distinct and meaningful biological groups. At the same time, the very factors that contribute to fluidity in definitions of human populations also confer distinct genetic differences that do tend to cluster in groups of individuals with shared origins. It is for this reason that sampling individuals with diverse genetic backgrounds from across the globe is essential to represent the human genomic variation that has arisen in different geographic regions over long periods of time.

Ancestral Diversity {#S0002-S2002}
-------------------

Variations in DNA continuously arise through random mutations and recombination, subsequently either rising to high frequency in the population, maintaining an intermediate prevalence, or falling out of existence, as a result of population-level effects such as gene flow, genetic drift and natural selection.[@CIT0020] The resulting differences in allele frequencies and linkage disequilibrium (LD), or the co-inheritance of alleles in close physical proximity on a chromosome, cluster in groups of individuals with shared ancestral origins. For example, ancestry informative markers (AIMs) are genetic variants that happen to exhibit this property of clustering within individuals of similar origins, and so are specifically selected for the purpose of assigning individuals into ancestral population groups.[@CIT0021] The most widely used methodology for stratifying individuals on the basis of ancestral background has been principal component analysis (PCA), since it was shown by Novembre and colleagues in 2008 to cluster individuals from European countries on the basis of genetic relatedness in concordance with their sampling location on a geographic map of Europe.[@CIT0022] While PCA provides a visual representation of how individuals in a sample cluster on the basis of genetic relatedness, other methods provide more fine-grained ancestry estimates including percentages of the genome that are derived from different ancestral populations, by comparison to global reference panels.[@CIT0023],[@CIT0024]

The rise of direct-to-consumer (DTC) genetic ancestry testing has led to a demand for this type of analysis, but its utility for clinical genomics and personalized medicine is unclear. What is relevant about genetic ancestry for the purposes of assessing genomic diversity is the fact that certain SNPs at polymorphic sites in humans are more common in some ancestral populations than others, and that membership in a group or population with shared ancestral origins can thus serve as a proxy for the probability that an individual might have a population-specific allele, or as a proxy for genomic background. When study populations for GWAS are defined on the basis of ancestral background, then, GWAS findings from one population may not replicate in others due to ancestry-specific differences in allele frequencies and LD structure.[@CIT0025],[@CIT0026] It is for this reason that genetic ancestry, or ancestral background, needs to be taken into account both in conducting GWAS on samples with population structure, and as an essential element of assessing diversity.

Environmental Diversity {#S0002-S2003}
-----------------------

In contrast to the need for genomic diversity in GWAS and pharmacogenomics research, environmental diversity refers to the myriad ways in which people experience the world and interact with, or are affected by, their environments. Whereas genetic diversity is most relevant for research on Mendelian traits, which are typically caused by a single gene or variant and highly penetrant, environmental diversity is crucial for the investigation of underlying causes of complex traits. In addition to genomics, several other "-omics" play a role in disease biology, including epigenomics, transcriptomics, proteomics, metabolomics, and microbiomics.[@CIT0027] Many of these integrative assessments of non-genetic contributors to disease are highly influenced by the environment, including lifestyle factors such as stress, diet, and exercise, as well as institutionalized and structural factors such as building material and chemical exposures, air particulate matter, and others. As a result of these environmental influences, it is essential for research on complex disease to include and integrate multi-omics approaches to capture the variety of non-genetic factors that play a role in disease etiology. However, in order for variation in environmental exposures to be informative for research, study samples must involve participants with a variety of different environmental backgrounds, in addition to diversity in genomic background.

Socio-Cultural Factors {#S0002-S2004}
----------------------

Due to systemic and institutionalized inequities on the basis of socio-economic, cultural, and historical factors, a person's lived experience and environmental exposures may be correlated with those of other individuals with the same "socio-cultural background", which is used here to refer to all of the factors listed above. For example, the United States has large disparities in age of onset and severity of illnesses, access to and quality of health care, and mortality rates on the basis of racial or ethnic identity.[@CIT0028] As a result of these inequities, members of racial and ethnic minority populations have worse health outcomes and higher risk for diseases with strong environmental components than others. In order to avoid confounding by this underlying structure of environmental variation along racial and ethnic lines, self-reported measures of "race" and "ethnicity" are often used in epidemiological models and association tests. However, it is important to note that these measures control for potentially confounding factors based on environmental and socio-cultural background, not genomic background. This is a mistake often made by researchers and non-scientists alike -- conflating the self-reported, socio-cultural indicators of identity such as "race" and "ethnicity" with ancestral or genetic background.

While there is a correlation between genetic ancestry and self-reported race or ethnicity,[@CIT0029] (for example, most self-identified African Americans have at least some African ancestry) there is more genomic diversity within "racial" groups than there is between them, rejecting the idea that there is a biological or genetic basis for race.[@CIT0030],[@CIT0031] Even early research that would today be considered racist by its very framing (that the three "races of man: the Negroids, Mongoloids, and Caucasoids" are somehow biologically meaningful), found no evidence that genetic variation is higher between these groups than within them.[@CIT0032] As they are fluid and subject to change over time and across norms, social and cultural measures of identity should not be used as a proxy for ancestral background because they are not well aligned, especially for admixed individuals and communities, and each measure provides unique information about particular phenomena.[@CIT0033],[@CIT0034]

Whereas genetic ancestry provides information about genomic background and demographic history, "race" refers to physical attributes such as skin and hair color, while "ethnicity" refers to cultural factors such as heritage, traditions, language, religion, and social practices including diet and exercise.[@CIT0035] Both of these concepts are culture- and context-specific, and are intricately tied to historical, political and hierarchical power dynamics, which reinforce institutional and structural inequalities, racism, and discrimination.[@CIT0036] Therefore, when socio-cultural diversity is considered as an important element of diversity in biomedical research, it should be because of the valuable insights that may be gained from investigating variable environmental exposures, not because it is a convenient proxy for genetic ancestry.

Genetic And Environmental Interactions {#S0002-S2005}
--------------------------------------

Complex disease etiology can be both multifactorial and polygenic, meaning both genetic and environmental factors can play a role, as well as multiple genetic pathways.[@CIT0037] When traits are polygenic, genes may interact with one another to cause variation in the phenotype, and when they are multifactorial, there are often gene-environment interactions (GxE) that modify the trait. When there are gene-gene interactions (GxG), genomic background plays a role in disease etiology, and thus ancestral (genetic) diversity in study samples is important, in order to gain a complete global picture of genetic contributions to the disease. When there are GxE, both genetic and environmental diversity must be present and accounted for in order to tease apart the contributions of each element individually, as well as the contribution of their interaction(s) to variation in a complex trait of interest. For example, asthma treatment failure has been found to be significantly more prevalent in African Americans than whites using long-acting β-agonists, despite fewer asthma symptoms in African Americans.[@CIT0038] However, genetic ancestry was not associated with variation in treatment response among African Americans, so researchers have hypothesized that socio-cultural factors may play a role in asthma treatment efficacy.[@CIT0039] Correlation between genetic, or ancestral, background and socio-cultural background poses methodological challenges for teasing apart and accounting for the contributions of each, especially for traits with GxE, because all of the above may be associated with shared environmental factors. As in the case of asthma, there may be genomic variants impacting variability in the efficacy of treatment, as well as socio-cultural and environmental factors that confound these associations. Inclusion of correlated variables as confounding factors may over-correct signals of association, and methods are underway to navigate these challenges.

Review Of Diversity In Pharmacogenomics Literature {#S0003}
==================================================

One objective of personalized, or precision, medicine is to tailor clinical care to patients' genetic traits and other biological pre-conditions. In particular, researchers and clinicians are interested in uncovering the unique combination of genetic variants that may impact diagnosis and drive treatment decisions. For example, mutations that influence the function of genes encoding drug-metabolizing enzymes (pharmacogenetic variants) may have implications for how well a patient is able to clear chemical compounds associated with various treatments. In order to gain a broad perspective on the kind of research that has been conducted in precision medicine and pharmacogenomics, and specifically which populations have been studied, this section describes a scoping review of the literature that was conducted in PubMed ([Figure 1](#F0001){ref-type="fig"}). The MeSH term search formula used for this scoping review was: "pharmacogenetics" OR "precision medicine" AND "population groups", such that articles tagged with curated annotations for either pharmacogenetics or precision medicine were identified, in addition to annotations about study population. This initial search identified 1,006 articles in PubMed, which were then filtered by the presence of an abstract, as well as having the full free text available (as all NIH-funded research should), leading to a total of 326 abstracts and titles that were manually reviewed. Inclusion and exclusion criteria were developed with the goal of identifying articles describing original research that explicitly focuses on diverse study populations. Specifically, study populations need to be relevant for genetic and environmental diversity; therefore, groups or populations that are studied on the basis of age, disease status, or other categories that are not relevant to socio-cultural factors such as race, ethnicity, or ancestral background were excluded from the analysis. While study samples defined on the basis of other characteristics, such as disease status, are important for the pharmacogenomics knowledge-base, they are not informative for the purpose of this review, which is to sample the diverse populations that have been included in pharmacogenomics and precision medicine research.

Reviews and commentaries of existing literature were excluded, as well as descriptions of research databases or other resources. Articles that were included described a number of study designs, including genetic association (GWAS and candidate gene studies), population genetics, novel methods development to enable research on multi-ethnic or diverse cohorts, or technological innovations that enable or advance the ability to investigate biological mechanisms of disease across populations. In total, 192 articles were selected for inclusion, and all subsequently described analyses were conducted on this subset of the literature. Although this is a small number of studies relative to the entire scope of literature in pharmacogenomics and precision medicine, these articles were carefully selected using inclusion and exclusion criteria to identify studies most likely to be informative about the genomic and environmental diversity of study subjects that have been included in pharmacogenomics research to inform personalized medicine.

As seen in [Figure 1](#F0001){ref-type="fig"}, the studies included in this scoping review were selected through a structured process of identification, screening, eligibility, and inclusion. The study populations described in the included articles were then analyzed to determine their biogeographical origins or ancestry, and the type of study conducted was also noted for each article. Among the studies that were included, roughly half involved a single population, while the remainder included two or more study populations. In order to categorize each study population into groups that are informative about the genetic diversity of research participants, the classification system proposed by Huddart and colleagues as a standardized framework of biogeographic groupings for annotating populations in pharmacogenetics research was adopted and utilized.[@CIT0006] In this proposed grouping system, seven major continental regions are identified on the basis of global genetic ancestry estimates using PCA with 1000 Genomes (1KG) and Human Genome Diversity (HGDP) reference panels.[@CIT0040]--[@CIT0042] Since individuals with ancestry from multiple populations do not easily fit into a single ancestral cluster, two additional categories of "admixed" populations are included for a total of nine broad biogeographical groups. Because it is primarily based on ancestral origins that can be detected using PCA, this grouping system is appropriate for classifying study populations that are informative for the scope of *genetic* diversity in the literature. As such, the biogeographical population groups utilized for this review are not meant to establish a standard for cataloging all human genomic and environmental diversity. Discussion of additional frameworks that are intended to provide more extensive classification of human populations, such as the PhenX Toolkit from the US National Institutes of Health (NIH)[@CIT0043] and Ancestro from curators of the GWAS Catalog at the European Biomedical Informatics Institute (EBI-EMBL),[@CIT0044] are outside the scope of this review.

Biogeographical Population Groups For Pharmacogenomics {#S0003-S2001}
------------------------------------------------------

The seven major continental groups as outlined by Huddart and colleagues[@CIT0006] in their framework for biogeographic groupings to annotate populations in pharmacogenetics research are as follows: American (AME), East Asian (EAS), European (EUR), Central/South Asian (SAS), Near Eastern (NEA), Oceanian (OCE), and Sub-Saharan African (SSA). The two admixed groups are African American/Afro-Caribbean (AAC) and Latino (LAT). In the AME group, individuals of American Indian or Alaska Native ancestry are included, as well as indigenous and native peoples of South America, and First Nations, Inuit, and Métis of Canada; such that the "America" referenced in the name of the category is that of pre-colonization by European settlers. EAS, EUR, SAS, and OCE are descriptive of geographical/continental regions, including individuals with ancestral origins from those regions. EUR is split from EAS along the Ural Mountains, such that Russia east of that border is included in EAS along with China and other east Asian countries, while west of the border is considered part of Europe. The SSA group includes most countries on the African continent, plus Madagascar, excluding the northern-most countries between Morocco (west) and Egypt (east), which are included in the NEA group along with the Arabian Peninsula and surrounding countries to the north.

While these boundaries may seem counter-intuitive from a geo-political standpoint, they are based on broad, global population structure indicated by detectable patterns of genetic variation via ancestral background, relative to reference panels. Two additional populations, AAC and LAT, are based on genetic ancestry reflecting the recent mixing of more ancient populations as a result of migration and colonization. The African and Afro-Caribbean group involves the key feature of African ancestral origins, which has become distinct from current African populations as a result of substantial ancestry components from Europe and other populations. Similarly, the admixed Latino group includes people from Latin America and self-identified Latinx from the United States.

Due to the heterogeneous and often vague language used to describe study populations in the literature, it was not possible to classify every article that was included in this review into one of the biogeographical groups outlined above. For instance, "African ancestry individuals" is not specific enough to distinguish between African American or Afro-Caribbean (AAC) and Sub-Saharan African (SSA) or even Near-Eastern (NEA), since this region also includes African countries from the north of the continent. Similarly, many study populations are described simply as "Asian" or "black", which more closely resemble racial classifications than ancestral lineages. Therefore, in order to deal with the lack of specificity and consistency in the way populations are described in the literature, AAC and SSA are combined into a single category of African origin or ancestry. Similarly, EAS and SAS are combined into a single category for Asian origin or ancestry ("African" and "Asian", respectively). The remaining categories into which pharmacogenomics and precision medicine study populations were grouped correspond to the biogeographic groupings described above: "American Indian or Alaska Native" (AME), "European" (EUR), "Hispanic/Latino" (LAT), and "Near Eastern" (NEA). Using these six broad categories outlined in [Figure 1](#F0001){ref-type="fig"} (African, American Indian or Alaska Native, Asian, European, Hispanic/Latino, and Near Eastern), each article abstract was evaluated to determine the ancestral or socio-cultural background of the populations described and classified into one of the six groups, representing both genomic and environmental diversity. Figure 1Scoping Review Flow Chart. The stages of a scoping review are highlighted, with the number of items evaluated at each step: 1) Identification of articles matching specified Mesh terms in PubMed (N=1,006); 2) Screening of articles using filters for availability and relevance (N=202); 3) Determination of eligibility by additional inclusion/exclusion criteria (N=192); and 4) Characteristics of articles included after the first three steps of identification, screening, and eligibility. These characteristics include whether studies were conducted on a single or multiple population(s), and the number of studies conducted in different biogeographical groups, as measured by ancestral origin or socio-cultural label of the population(s) studied.

Half of the articles reviewed included analysis of a single study population, and the other half included two or more populations, most of which involved a comparison between one population of interest and individuals of European descent. Since many abstracts described their study populations on the basis of what they were not (for example, "non-whites" or "non-Asians"), it was not possible to ascertain which groups were being compared to the primary population in question. In these cases, the study was either excluded from the analysis because there was no specific description of any of the populations involved (\"Other criteria\" in Fig.1), or further investigation revealed that only a single population had actually been studied. The largest number of study populations fall into the African and European categories, and the majority of these (N=62, 32% of all articles reviewed) were analyzed together in the same study, often presented as a comparison of "white" and "black" study participants or "European Americans" and "African Americans".

The next most prominently studied group is Asians, with 73 articles involving groups described as being from Asian countries, having Asian descent, or being otherwise referred to as "Asian". In contrast to the large proportion of African origin study populations that are included in multi-population studies, 39 of the articles that describe research on Asian populations do not involve any other group. This is nearly twice as many single-population studies than for any other group. Perhaps most striking about the representation of populations in the literature is the near absence of research on American Indian and Alaska Natives, Hispanic/Latinx, and Near Eastern groups, relative to the other three described. As a result, the clinical knowledgebase for personalized, or precision, medicine (including pharmacogenomics) is based on an incomplete subset of the variation that is present in the human genome and is particularly sparse for some of the most marginalized global minority populations.

Geographic Distribution Of Pharmacogenomics Investigators {#S0003-S2002}
---------------------------------------------------------

As shown by Popejoy and Fullerton, the diversity of GWAS participants is related to the country in which research investigators are located.[@CIT0004] In order to determine whether the same is true of the pharmacogenomics and precision medicine literature included in this review, country of first author affiliation was extracted using a custom python script to parse MEDLINE reference files downloaded from PubMed. Before 2014, only the first author affiliations are included in PubMed, so it was not possible to analyze country affiliations for other authors, which may have been informative about the geographic region driving the research, such as last author. However, in most cases of articles reviewed after 2014, the country of first and last author affiliations are concordant, so the use of first author affiliation is likely representative of where the research actually took place. Figure 2Global Concentrations of Studies by Country of First Author Affiliation. Heat map shows the number of studies included in this scoping review that were conducted in each country, as determined by the location of the first author's affiliated institution.

In addition to the number of studies conducted in each geographic region by country of first author affiliation ([Figure 2](#F0002){ref-type="fig"}), countries in which research was conducted were collapsed into major continental groups: Africa, Asia, Australia, Europe, Latin America, and North America in order to determine which study populations were investigated in each broad global region. [Figure 3](#F0003){ref-type="fig"} illustrates the representation of study populations in research conducted in each global region. As predicted, the majority of studies involving individuals of Asian origin or ancestry were conducted in Asia, and the largest percentage of studies conducted in every other global region (Africa, Europe, Latin America) involved their corresponding study populations (Africa, European, and Hispanic or Latin American origins). Figure 3Ancestral Populations Included in Reviewed Research by Geographical Region of First Author Affiliation. For each study, geographical region was determined by pooling countries of first author affiliations into broad continental categories. Each study received a binary indicator of whether or not it included at least one population from each broad ancestral category, so studies with more than one study population received more than one indicator. Therefore, the total number on the Y-axis does not reflect the number of studies, but rather the distribution of populations studied within each geographic region. This graph thus illustrates the representation of ancestral populations in the body of research produced in each of the continental regions of the world.

Because the majority of studies were conducted in North America alone (N=102, 53%), further detail is provided in [Figure 4](#F0004){ref-type="fig"} about the combination of study populations that were investigated in these articles. The largest percentage of studies conducted in North America involved a combination of European and African ancestry participants (N=31, 30%), followed by a large percentage of studies on African participants only (N=24, 24%) and then European participants only (N=15, 15%). Only 5 studies were conducted on American Indian or Alaska Native populations, and 6 were in Hispanic/Latino groups; while 10 involved Africans, Europeans, and Hispanic/Latinos. Figure 4Populations Studied in Research Conducted in North America. Among articles included in the scoping review that had first author affiliations in North America (N=102), this figure illustrates which study populations were involved, both as single-population studies and combined in multiple-population studies. In contrast to [Figure 3](#F0003){ref-type="fig"}, which shows the total number of populations studied, this pie chart shows the distribution and combination(s) of those populations included across the total number of studies conducted in North America.

Discussion {#S0004}
==========

The results of this scoping review provide a window of insight into the biogeographic diversity of human populations that are reported and accessible from the pharmacogenomics and precision medicine literature. While the analysis demonstrates the diversity of study populations included in pharmacogenomics and precision medicine literature from broad continental regions, and specifically in North America ([Figures 2](#F0002){ref-type="fig"}--[4](#F0004){ref-type="fig"}), the representation of non-European populations is likely inflated due to the study design and review methodology. The fact that articles were screened on the basis of having a "population group" MeSH term associated with them in PubMed automatically eliminates any article that was not specific to any population(s). However, it is widely accepted that the majority of datasets analyzed in genomics research are based on European ancestry participants, so articles that do not make a point of differentiating research findings as specific to a European population would not likely meet the annotation screening criterion. Therefore, it is likely that the results of this scoping review underestimate the number of studies in pharmacogenomics and precision medicine that are specific to individuals and populations of European descent. As such, the results of this review should be interpreted with the intentional caveat of over-sampling non-European populations.

Out of 23,720 studies matching MeSH terms "pharmacogenetics" or "precision medicine" in PubMed, only 1,006 of them also match "population groups", meaning fewer than 5% of studies in pharmacogenomics and precision medicine literature involve any characterization of the human population under investigation. It is likely that the majority of pharmacogenetics and precision medicine research on human populations is simply not tagged with the MeSH term "population groups" because they do not explicitly describe the race, ethnicity, or ancestral origins of the individuals studied. Among those cases, it is impossible to determine to which biogeographical population the study subjects belong; however, it may be the case that these are predominantly white individuals of European descent, since the overwhelming majority of biomedical research has historically been conducted in these populations and it may be considered the "default" for researchers. Alternatively, it may be that the race, ethnicity, or ancestral origins of participants is irrelevant or unknown to researchers, and thus they did not include a description of this characteristic of their study population. In any case, it bears noting that this review covers only 5% of the pharmacogenomics and precision medicine literature, as it is focused specifically on articles that explicitly describe the study populations included in their research. Additionally, while it is standard protocol for scoping reviews to exclude studies that do not include a free full text in PubMed in order to promote reproducibility of the review, the exclusion of 644 such articles may have influenced the results by exclusion of population-specific studies. Therefore, the results of this review should be interpreted as a sampling of the diversity that exists in the pharmacogenomics and precision medicine literature, rather than a comprehensive account of all studies in the field.

Relative to the genomic and environmental diversity that is present in African, American Indian/Alaska Native, and Hispanic/Latino populations worldwide, the pharmacogenomics and precision medicine literature is vastly under-representative. Considering that these populations already experience health disparities compared with people of European and Asian descent, the implementation of personalized medicine designed with diagnosis, treatment, and interventions based primarily on these two groups threatens to further increase health disparities. It is therefore critical that future research efforts in pharmacogenomics and precision medicine specifically target the most under-represented groups, in order to ensure that individuals from diverse genomic and environmental backgrounds benefit equitably from investments in research.

Diversity Requirements In Research {#S0004-S2001}
----------------------------------

In 1990, the NIH Office of Minority Health Research was established to focus on health disparities,[@CIT0045] and in 1993, the United States Congress directed NIH to develop guidelines requiring that biomedical research funded by the federal government include women and minorities (PL 103--43). Subsequently, guidelines were developed for the inclusion of women and minorities in clinical research, stating that women and members of minority groups must be included in all research funded by the NIH, "unless a clear and compelling rationale and justification" are provided that such inclusion is inappropriate with respect to the health of the subjects, the purpose of the research, or under "other circumstances" (NOT-OD-18-014). However, despite this well-intentioned effort to increase representation in biomedical research, there is no provision in either the law passed by Congress or the regulation developed by the NIH that outlines consequences or ramifications for researchers who choose not to abide by them. As a result, a vast majority of research still does not include members of minority populations, and it is not common practice to justify the lack of representation in study samples. Recent efforts by US-funded research consortia have begun to focus on diverse populations, and the National Human Genome Research Institute (NHGRI) has funded several projects with the explicit goal of increasing diversity in genetics.[@CIT0046] It remains to be seen how influential these projects will be in the long run, but at the very least it sends a message to researchers that obtaining diverse research cohorts is a current priority for funding.

No such regulations on diversity and inclusion currently exist in the United Kingdom, and recent trends such as the development of the highly utilized UK Biobank[@CIT0047] indicate the exact opposite. Hundreds of GWAS conducted on data made publicly available by the UK Biobank continue to contribute to the European-biased knowledgebase of genetic associations with traits and disease, despite the fact that data are available on thousands of individuals of South Asian descent in this resource. This is likely due to a combination of factors, including the larger sample size of Europeans relative to other groups, perceived difficulty of conducting GWAS in multiple or non-European populations, and the historical view that white Europeans are more "homogeneous" with fewer variables that need to be controlled, thus leading to crisper statistical findings.

More powerful and authoritative regulations requiring diversity in biomedical research, and in particular the basic science leading to clinical applications such as pharmacogenomics and personalized medicine, are necessary in order to make a substantive impact. Both genomic and environmental diversity should be considered in the process of study design, such that factors including ancestral and socio-cultural background can be appropriately taken into account in the discovery and validation of underlying causes of Mendelian and complex disease.

Remaining Challenges And Solutions {#S0004-S2002}
----------------------------------

Both challenges and solutions to the lack of diversity in genomics research involve ideological, analytic, cultural, demographic, and systemic elements. This is because deeply ingrained historical practices, structures and ideologies have shaped the way biomedical research is conducted, including who is prioritized as research subjects, who is conducting the research, and under what conditions and assumptions. From an ideological perspective, the assumption that people of European ancestry are the methodologically preferred study subjects is due to a perceived "homogeneity" in genomic and environmental factors, as well as sample sizes in existing datasets that far exceed other populations. A common practice in GWAS is to stratify study subjects by racial, ethnic, or ancestral categories to control for population structure. Often, only the largest sample is included in the analysis, which results in exclusion of non-European or admixed samples. However, the logic underlying these assumptions as a justification to focus on white or European study samples is flawed, both for scientific and values-based reasons.

Early genetic association analyses included very few genetic markers and relied on the LD structure inherent to European ancestry populations, which have longer stretches of LD than African genomes, meaning fewer tag-SNPs needed to be included in order to capture potentially disease-causing variation in larger regions of the genome. Now that the cost and technology of sampling more genomic loci that capture greater variation in non-European populations has become trivial, this methods-based justification for focusing on Europeans is becoming increasingly obsolete. Furthermore, the idea that anyone who is white, or appears to be of European descent, falls into a homogeneous group in terms of genomic and environmental diversity is based on outdated and harmful views that visual similarity (on the basis of typically "racial" characteristics such as skin and hair color) somehow confers biological meaning on its own -- which it inherently does not, as described in detail in the introduction. Finally, the statistical argument for focusing on the largest sample size available in genetic association studies is based on privileging statistical significance over all other considerations, including the potential for novel discoveries of disease mechanisms. It is therefore important for researchers to challenge their own assumptions that chasing the lowest p-value in a larger sample size from Europeans will contribute more to the genomic knowledgebase than a larger (but still significant) p-value demonstrating previously unknown effects of variants that contribute to disease etiology in more diverse, traditionally under-represented populations.

Complex traits are influenced by a variety of genetic and environmental factors, including GxG and GxE interactions. In this case, a person's self-reported race or ethnicity may influence their risk for disease or health outcomes because of tertiary confounding factors that are associated with both the phenotype and the identity measure, such as neighborhood, access to healthy food and health care, education level, and other community-level effects. In practice, self-reported measures such as race and ethnicity have been used in epidemiological models as a proxy for these environmental effects. However, it is critical to recognize that this is an imperfect measure, and it relies on the fact that there are historical, cultural, systemic and institutionalized inequalities that preserve the association between lower socio-economic status and race or ethnicity. It would be more rigorous to measure environmental factors directly and relegate the use of "race" as a variable to account for the phenomenon to which it directly applies: the experience of racism, which may impact a person's health or risk for disease.

Unfortunately, barriers to integrating this nuanced awareness into research practice remain. From a practical standpoint, most datasets and even large cohorts simply do not contain detailed environmental data, and even when available, these data are often highly variable with regard to quality and consistency. However, from an ideological perspective, the continued use of self-reported identity measures as variables in research can only be justified so long as these measures are recognized for what they are: a proxy for environmental effects of systemic and institutionalized racism and inequality. Some researchers may choose to study white, European-ancestry populations to avoid the potential confusion or difficulty of accounting for this more detailed view of complex trait architecture. They may also believe that this approach is more likely to yield significant knowledge about the genetic components of disease. However, due to the fact that the majority of human genomic variation exists outside Europeans, the continued focus on these populations is unfounded. Conducting GWAS in non-European ancestry populations is likely to contribute substantially more to the knowledgebase of genetic mechanisms of disease than continuing to study people of primarily European ancestry.[@CIT0048] Continued development of more accurate means of accounting for genomic and environmental diversity will help streamline the selection of samples to prioritize in research, and measurement of variables that influence complex disease etiology. Finally, in addition to shifting historical, ideological and methodological practices that perpetuate a Euro-centric bias in genomics research, broadening participation of diverse groups in research, both as participants and as investigators, is essential to ensure equitable representation.

Broadening Participation In Research {#S0004-S2003}
------------------------------------

Ancestral and socio-cultural backgrounds (or geographic location, in this review) of researchers influences the study populations on which they focus. Therefore, efforts to increase diversity in study participants must be accompanied by reciprocal efforts to increase the representation of people with diverse ancestral and socio-cultural backgrounds among leading research investigators. According to National Science Foundation (NSF) statistics, just 8.6% of all science and engineering doctorate holders employed as faculty in US academic institutions in 2015 were from under-represented minority groups, including African Americans, Hispanics or Latinos, and American Indian or Alaska Natives, combined.[@CIT0049] Evidence from earlier studies suggests that this percentage decreases when narrowing the analysis to tenured and tenure-track faculty in basic research departments.[@CIT0050] Institutional commitment to diversity efforts in hiring are important, but equally critical are illuminating and eradicating systemic and cultural factors that contribute to higher attrition rates for minority faculty researchers once they are hired.[@CIT0051]

In theory, researchers with more diverse backgrounds will have a more nuanced understanding of the barriers to increased representation in genomics research and may be inherently committed to involving diverse community perspectives in the design and implementation of their research studies.[@CIT0052] In practice, however, institutional leadership must be careful to avoid creating additional administrative or service-related burdens for minority faculty members. These individuals should not be expected to carry a torch for diversity efforts, nor should they be treated as token members of certain groups and expected to speak on behalf of entire communities. As such, universities and funding agencies need to invest in systemic programs and training for all faculty members, including the development of community partnerships and databases, research methods for investigating multi-population cohorts, and incentives for conducting service-related activities that support the mentorship and promotion of minority students and faculty to leadership positions.

Historical abuses of power and harms against minority populations have contributed to a lack of trust in biomedical research institutions,[@CIT0053] and this is still an important challenge for researchers to overcome when seeking to establish community relations with diverse populations. Fortunately, resources are becoming available that instruct investigators on how to be effective allies and partners in research, engaging in meaningful community-based participatory research (CBPR), especially in some of the most under-represented populations such as Native American and other indigenous communities.[@CIT0054],[@CIT0055] A recent decision by the NIH to fund administrative supplements for bioethical components of existing research projects demonstrates how funding agencies can support efforts to enable ethical engagement and research in diverse populations. Ideally, this trend would expand to include funding mechanisms for community outreach and engagement for study design, in advance of research that is to be conducted in human populations.

Conclusion {#S0005}
==========

This scoping review interrogates the precision medicine and pharmacogenomics literature to determine what proportion of studies focus on global human populations, thus providing a baseline of diversity in the knowledgebase for future comparison. The persistent under-representation of genomic and environmental diversity in research from individuals of African descent, as well as Hispanic/Latinx, American Indian/Alaska Natives and other indigenous communities worldwide may continue to widen health disparities. Until funding agencies, journals, and research institutions develop incentives for researchers to investigate diverse populations and provide systemic programs and training to enable this work, it is unlikely that there will be a huge shift in the diversity profile of genetics research. In order for pharmacogenomics and personalized medicine to equitably benefit people from all ancestral and socio-cultural backgrounds, there needs to be vastly greater representation of global populations and communities. In order for this to happen, researchers must commit to broader inclusion of diverse study participants and mentorship of under-represented trainees from the bottom-up, and institutions must facilitate the development of a diverse knowledgebase and workforce from the top-down.
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